ABSTRACT: A system comprising an aluminum nanoantenna array on top of a luminescent colloidal quantum dot waveguide and covered by a thermotropic liquid crystal (LC) is introduced. By heating the LC above its critical temperature, we demonstrate that the concomitant refractive index change modifies the hybrid plasmonic−photonic resonances in the system. This enables active control of the spectrum and directionality of the narrow-band (∼6 nm) enhancement of quantum dot photoluminescence by the metallic nanoantennas.
M
etallic nanostructures display remarkable optical properties associated with collective excitations of conduction electrons known as localized surface plasmon resonances (LSPRs). LSPRs convert free-space radiation into localized energy and vice versa. Therefore, the term optical antenna, or nanoantenna, has emerged to describe metallic nanostructures with LSPRs coupled to light sources or receivers.
1 Metallic nanoantennas can provide directivity gain, 2−6 polarization control, 7, 8 intensity enhancements, 9,10 decay rate enhancements, 11 and spectral shaping. 12 A long-standing goal in nanophotonics is to actively control these coupling-enhanced emission properties by means of an external tuning parameter. This can be achieved by incorporating materials with optical or geometrical properties that depend on an applied voltage, heat, strain, or illumination profile. 13−18 Liquid crystals (LCs) are interesting materials for this purpose, because their tunable orientation can modify the resonance conditions of nearby optical resonators. Indeed, LCs have enabled active control of resonances in diverse metallic structures, including LSPR-based nanoantennas and propagating surface plasmon polaritons in continuous metallic films. 19−28 While powerful, these approaches suffer from inherent drawbacks in the context of light emission. On one hand, the influence of LSPRs is spatially restricted to emitters located within their characteristic decay lengths (typically <40 nm). 29 On the other hand, the large amount of nonradiative decay channels in continuous metallic films can lead to emission quenching. 30 An interesting approach to overcome these limitations consists of coupling LSPRs in individual nanoantennas to long-range photonic modes in dielectric structures. Such coupling occurs, for example, in periodic arrays of metallic nanostructures. LSPRs in individual nanoantennas can couple to diffracted 31−33 or guided modes, 34, 35 resulting in hybrid plasmonic−photonic modes. The dispersion, line width, and field confinement of these hybrid modes can be designed via the geometry and dimensions of the structures. 36, 37 Moreover, their fields can be constructed to spatially overlap with nearby emitters extended over large areas in a polarization-, frequency-and angle-dependent manner. 38−42 The long-range character of these hybrid modes is well-suited to modify the emission from spatially extended sources in the periodicity plane, while preserving subwavelength confinement out of the same plane. Thus, we envisage that active control of these hybrid modes holds great promise for applications in solid state lighting, lasers, and on-chip photon sources.
Here we demonstrate active LC tuning of a spectrally narrow photoluminescence enhancement (PLE) by a periodic array of metallic nanoantennas coupled to a waveguide. The structure we investigate consists of an aluminum nanodisk array fabricated on top of an emitting layer (acting as a waveguide) of colloidal quantum dots (QDs) and coated with a thermotropic LC. Colloidal QDs constitute ideal emitters for this purpose as they offer sharp and tunable emission properties, even at ambient or higher temperatures, in combination with a versatile processability. 43 The active tuning is achieved by changing the temperature of the sample. Above a critical temperature T c , the orientation of the LC becomes randomized, and the effective refractive index switches from birefringent to isotropic. We evidence the impact of the LC transition on the optical resonances of this system through temperature-dependent variable angle extinction and photoluminescence measurements. Numerical simulations based on the finite element method are used to elucidate the tuning mechanism. As we show, from the interplay between coupling, detuning, and radiative losses of this system, a powerful approach emerges to tailor the emission spectrum and directionality of extended sources. Figure 1 shows a sketch of the sample. First, CdSe/CdS/ZnS core−shell QDs were synthesized starting from CdSe seeds with a zinc blende structure 44 through a successive ion layer adsorption and reaction procedure (SILAR). 45 The resulting QDs had an average diameter of 6.5 nm and an emission peak at 585 nm (see Supporting Information for details on the synthesis and characterization of the QDs). The QDs, dispersed in toluene, were spin-coated on a glass substrate. This resulted in a 120 nm thick QD layer as determined by atomic force microscopy. A protective silicon nitride layer of 15 nm was deposited on top of the QD layer by plasma-enhanced chemical vapor deposition in order to planarize the surface. A relatively low temperature (120°C) was used in the deposition to avoid degradation of the QDs (see Supporting Information for characterization of the QD/slicon nitride layer). Aluminum nanodisk arrays were fabricated on top of the silicon nitride layer by substrate conformal imprint lithography. 46 The nanodisks have a nominal height of 150 ± 20 nm and diameter of 120 ± 20 nm and are arranged in a square lattice with a periodicity of 390 ± 15 nm. To control the LC orientation, we placed a thin layer of nylon alignment material over the array (not shown in Figure 1 ). This material is mechanically rubbed to force the LC to orient in a planar direction along one of the lattice vectors. Finally, UV curable glue containing spacer balls with a diameter of 6 μm (not shown in Figure 1 ) is placed at the edge of the substrate, away from the array, to attach a glass plate to the sample. The space between the array and the top glass plate is filled with LC E7 (Merck) which has a critical temperature T c = 58°C. 47 Figure 2a shows the normal incidence extinction spectrum of the sample for different temperatures. A collimated beam (angular spread <0.1°) from a halogen lamp illuminates the sample with a linear polarization along the extraordinary index direction of the LC, which is aligned with one of the lattice vectors of the array. A fiber-coupled spectrometer measures the zeroth order transmittance T 0 in the far-field. The extinction follows as 1 − T 0 . At all temperatures, the two peaks in extinction correspond to hybridized plasmonic−photonic resonances. These resonances arise from the coupling of LSPRs in the nanodisks to the fundamental transverse magnetic (TM 0 ) waveguide mode in the QD layer. Previous work has shown that the LSPR-waveguide mode mixing leads to hybrid modes known as waveguide-plasmon−polaritons. 34, 35 When the bare LSPR and waveguide mode wavelength detuning is zero, the emergent waveguide−plasmon−polaritons are half plasmon-like and half waveguide mode-like. In contrast, the LSPR and waveguide mode in our experiments are detuned (their peak wavelengths are significantly apart), but still coupled. The large detuning makes the coupled modes resemble one or the other of the bare modes. In Figure 2a particularly, the broad resonance at long wavelengths is reminiscent of the LSPR, while the sharper resonance at short wavelengths is reminiscent of a quasi-guided mode. The mode is quasi-guided because its radiative coupling to the antennas makes it leaky. In view of these effects, we shall hereafter refer to the broad resonance as the hybridized LSPR and to the narrow resonance as the quasi-guided mode, reserving the term waveguide−plasmon−polariton for the case where these hybrid modes are tuned in resonance. 34, 35 An interesting feature in Figure 2a is that the two resonances shift in opposite directions below 60°C, but in the same direction above 60°C. To illustrate this effect, we plot in Figure  2b the temperature-dependent peak wavelength of each resonance normalized to its peak wavelength at 60°C. The observed behavior for the quasi-guided mode and the LSPR is in qualitative agreement with the temperature-dependence of the ordinary index n o and the extraordinary index n e , respectively, of the LC we use. 47 Furthermore, the experimental value we retrieve for the critical temperature, 60 ± 2°C, coincides within the error bar with the value reported by Li et al. 47 The error stems from spatial and temporal variations in temperature across the sample, which we characterized with an infrared camera to obtain a faithful map of the local temperature. All of the above observations strongly suggest that in the birefringent state (below 60°C), the hybridized LSPR mainly samples n e while the quasi-guided mode mainly samples n o . The shifts in the extinction peaks are then due to a transition of the LC from an ordered (Figure 1a ) to a disordered (Figure 1b) state, whereby the birefringence is removed and an isotropic refractive index sets in at high temperature. For the quasi-guided mode, the peak wavelength shift between 24 and 60°C is 9 nm, which is 3 times the line width at 60°C. An analysis of the peak shift normalized to the line width is provided in Figure S8 of the Supporting Information. The observed spectral shifts were experimentally verified to be reversible upon successive heating and cooling of the sample.
To elucidate the temperature dependence of the optical resonances, we simulated the response of the system using a finite element method (COMSOL). In the simulations, plane waves impinge from the LC layer, which is assumed to have infinite thickness above the array. Below T c , we assume that the LC layer is perfectly ordered and aligned along the rubbing direction. Consequently, the LC constitutes a homogeneous anisotropic material with a weakly dispersive ordinary (n o ≈ 1.52) and extraordinary (n e ≈ 1.73) refractive index. Above T c the LC layer is assumed to be isotropic, with a refractive index n c approximately given by the weighted average of n o and n e : n c ≈ ((2n o + n e )/3) ≈ 1.59. The frequency-dependent LC refractive index is taken from literature, 47, 48 for the QD layer and aluminum we have obtained them from ellipsometric measurements (see the Supporting Information, Figure S7 ), while the glass substrate is essentially dispersionless and lossless over the measurement range. Figure 2c shows the 1 − T total spectra where T total is the simulated total transmittance. The peak resonance wavelengths and shift directions in the simulations are in good agreement with the experiments. To achieve this agreement, we simulated particles with a height and diameter of 100 nm, arranged in a lattice with constant a = 378 nm. These dimensions are slightly different from the nominal values of the fabricated structures, possibly due to deviations in the fabrication process. In addition, small discrepancies between the simulated and experimental refractive indices could also exert an influence on our results.
The connection between the sharp resonance at shorter wavelengths in our measurements with a waveguide mode in the QD layer was established through eigenmode simulations using COMSOL. We calculated the dispersion of the fundamental TM waveguide mode in the same multilayer structure discussed above, but without the nanodisk array. Both anisotropic and isotropic LC conditions were considered. The simulations indicate that the multilayer structure supports an eigenmodethe fundamental transverse magnetic (TM) waveguide mode in the QD layerwith a dispersion relation closely following the dispersion relation of the sharp feature in our measurements. The dispersion of this mode is shown below, in Figure 5 , in connection to angle-resolved data. While such a guided mode is bound to the high refractive index layer in absence of the nanodisk array, the periodic array can couple a normal incident plane wave into (or out of) this mode at wavelengths close to the diffraction edge. This is the origin of the sharp resonance in the measurements of Figure 2a , which is related to the plane wave excitation of a guided mode via the first diffraction order. We furthermore verified through full field simulations that when the QD layer thickness is increased, the short wavelength resonance red-shifts (see the Supporting Information, Figure S4 ). This is in agreement with the expected behavior of the fundamental waveguide mode in the QD layer.
To examine the coupled nature of the modes in more detail, we plot the field enhancement |E|/|E input | at an xz-plane intersecting the nanodisks at their center. We do this for the hybridized LSPR in Figure 3a and for the quasi-guided mode in Figure 3b , both in the isotropic state. The field profiles are very similar in the birefringent state. In Figure 3a the field enhancement is localized near the metallic nanostructure, resembling the characteristics of bare LSPRs. In contrast, Figure  3b shows delocalized field enhancements characteristic of a waveguide mode close to cutoff, as it may be expected due to the small waveguide thickness and the asymmetry of the refractive index of the upper and lower media. Note, however, that this delocalized field enhancement is relatively strong in the vicinity of the nanodisks, indicating once more that waveguide−LSPR coupling is present. It should be mentioned that all of these properties of the modes are a sensitive function of the structural parameters and material composition. For example, for an increased lattice constant the waveguide mode dispersion will red-shift, while for an increased diameter of the nanodisks the LSPR will red-shift and broaden. In addition, the height of the nanodisks also influences the field extension of the modes into the LC, thus affecting their sensitivity to the LC phase transition. To give an indication of the role that the metallic nanoantennas play in the effects here reported, we provide in Figure S6 of the Supporting Information simulation results for a lattice of silicon nitride particles in otherwise identical conditions. As shown therein, for the dielectric nanoparticles the peak near the quasi-guided mode resonance is strongly suppressed in the birefringent state. We attribute this to the reduced polarizability of the dielectric nanoparticles, which gives a weaker scattering power into (or out of) the guided mode. While this is far from an exhaustive study, our results indicate that metallic nanoantennas can lead to different effects than dielectric ones.
An interesting observation in Figure 3 concerns the dominant field components of each mode. In fact, this is the reason behind the different temperature-dependent shift directions shown in Figure 2 . The hybridized LSPR has a dominant electric field component parallel to the input plane wave polarization, as shown by the blue arrows in Figure 3a . This is parallel to n e . In contrast, the quasi-guided mode has a dominant electric field component along the z-direction, as shown by the blue arrows in Figure 3b . This is parallel to n o . Note that the relation between the LC refractive indices is n o < n c < n e . Therefore, in the transition toward the isotropic state, the quasi-guided mode experiences an increase of effective index (and therefore a red-shift), while the opposite occurs for the hybridized LSPR (it blue-shifts).
In the following, we present temperature-dependent measurements of photoluminescence enhancement (PLE) by the metallic nanoantennas. The sample was pumped by a 450 nm laser beam at a fixed angle of incidence (5°) from the normal. The light emitted at different directions was collected by the same fiber-coupled spectrometer used for the extinction measurements. The PLE is defined as I in /I out , with I in the emitted intensity from the QDs in the presence of the nanodisk array, and I out without the array. Figure 4a shows the PLE spectra in the direction normal to the periodicity plane, at the same temperatures as in Figure 2a . The wavelength range is limited by the emission bandwidth of the QDs. Figure 4b shows the temperature-dependent wavelength shift of the quasiguided mode normalized to the line width. Both the shift and the line width are referenced to the measurements at 60°C. As in extinction, the quasi-guided mode peak first red-shifts with increasing temperature up to 60°C and then blue-shifts for higher temperatures. At 60°C and above, the line width is slightly narrower, and the magnitude of the PLE is slightly greater than below 60°C. By fitting the PLE peak at 60°C with the Fano-shape function we found a line width of 5.5 nm, which is remarkably narrow for plasmonic-coupled systems. The Fano shape was used for the fitting as that is the expected spectral shape of modes arising from the coupling between a narrow (waveguide) resonance with a broad (LSPR) resonance. 49, 50 These results demonstrate the strength of hybrid plasmonic− photonic modes for emission enhancement purposes by providing a strong near field enhancement while having a low loss. We highlight that maximizing the PLE factor is not the subject of our study, as this has been done in previous works. 41 Instead, we demonstrate the possibility to actively control the PLE by means of an external tuning parameter (temperature in this case).
To elucidate the PLE measurements, we simulate the spectral dependence of the field enhancement in the QD layer. We define the electric field intensity enhancement in the QD layer by the nanodisk array with respect to the bare layer (without the array) as I E = ((∫ |E| with array 2 dV)/(∫ |E| without array 2 dV)), where the volume integral is done over the QD layer. While in the simulations I E is a measure of the excitation strength of an optical mode, by reciprocity it also represents a decay strength of the same mode to outgoing plane waves with the same direction. Thus, I E correlates with the PLE in the measurements. Figure 4c shows I E for a plane wave at normal incidence. The simulations are in good agreement with PLE measurements, both displaying a red-shift and line width narrowing when going from the birefringent state to the isotropic state. Furthermore, the peak PLE also increases. The line width narrowing is associated with a slightly weaker confinement of the mode to the metallic structure in the isotropic state, as shown in Figure S5 of the Supporting Information.
We now analyze the directional dependence of the extinction and PLE spectra. Figure 5a ,b shows the measured extinction at 24 and 60°C, respectively, while Figure 5c ,d displays the PLE at the same two temperatures. In all plots the bands of enhanced extinction or PLE correspond to the excitation of quasi-guided modes. The variable angle data show a similar shift of this resonance in both extinction and PLE over the entire band when the LC layer transitions from birefringent to isotropic, as observed at normal incidence (Figure 2a and Figure 4a ). Consequently, the LC transition enables us to actively tune the directionality of the emission at a given wavelength. In Figure S11 of the Supporting Information, we provide an analysis of the temperature-induced peak angle shift at 605 nm. Due to the dispersion of the band and an exceptionally low angular spread (≤1.5°), we demonstrate that the shift is greater than the angular spread. The change in directionality at a given wavelength is not associated with a reduced emitted power. As shown in Figure S11 of the Supporting Information, at 60°C there are two emission lobes, and the power in each lobe is similar to the power in the direction perpendicular to the periodicity plane at 23°C.
Comparing Figure 5a with Figure 5c , and Figure 5b with Figure 5d , one sees that the dispersion of the quasi-guided mode in PLE closely resembles that in extinction. Furthermore, in all dispersion diagrams the quasi-guided mode closely follows the calculated dispersion of the fundamental TM waveguide mode for the structure without the nanodisk array, indicated by the dashed lines in Figure 5 . The dispersion of this mode has been folded into the first Brillouin zone of the nanoantenna array. The proximity in wavelength of the quasi-guided mode to the bare waveguide mode suggests once more that the hybrid mode resembles the bare mode, and that the coupling to the LSPR has a small influence due to the large detuning between the modes. This is, however, not a detriment for our purpose of actively tuning the PLE due to the quasi-guided mode via the LC phase transition. In fact, the large out-of-plane fields of the bare TM polarized guided mode (and also of the coupled mode resembling the bare one) make it more sensitive to refractive index changes in the LC layer. Clearly, this allows for a greater degree of tunability given the fixed contrast between n e and n o of the LC.
In conclusion, we have demonstrated active spectral and directional control of the enhanced light emission of quantum dots coupled to metallic nanoantennas. For this purpose, we employed a hybrid plasmonic−photonic resonance emerging from the radiative coupling between localized surface plasmons and a waveguide mode in a quantum dot emitter layer. The tuning was achieved by covering the array with a thermotropic liquid crystal, which changes from a birefringent to an isotropic state above the critical temperature. In turn, this modifies the resonance conditions of the coupled system. The narrow line width (<6 nm) and angular spread (<1.5°) of this resonance allowed us to tune the emission with unprecedented wavelength and angular specificity. Supporting our experiments with numerical simulations, we have shown that the tuning mechanism depends on the field profile and more specifically on the orientation of the dominant mode polarization in the LC layer with respect to the LC axis. Having here provided a proof-of-principle experiment, we envisage future studies to optimize both structural and material parameters in order to achieve even stronger effects. For instance, with greater field overlaps (coupling strengths), this system could enter into the strong coupling regime, where the waveguide−plasmon coupling rate exceeds the loss rates. In this case, active control of strong coupling appears as a fundamentally interesting possibility. 51 From an applied perspective, we believe that these results hold great promise for smart lighting applications where active beaming and color tuning is required. This is especially useful in the wavelength range where we work, where the human eye translates small variations in wavelength to relatively large color changes. For practical implementations, it could be interesting to achieve active tuning of nanoantenna-enhanced light emission by electrical means, i.e., by applying a voltage. We do not expect major changes in behavior for electrical tuning because the wavelength shift is not a consequence of the tuning mechanism, but rather of the refractive index contrast of the LC in the birefringent state.
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